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INTRODUCTION 


This report eunaarizes the results of a feasibility desKmstration 
program using the SRI-developed thin-film field-«Bission cathode (Splndt> 
type TFFEC) in a cold cathode electron gun structure sviitable for high 
power microwave tube applications. The ultimate objective of this program 
was the production of a gun capable of 95 mA in a 0.26^am diameter beam 
at 20 kV. The two major areas of effort were: (1) advancen«nt of the cathode 
*rt to produce cathodes capable of 95 sA. and (2) the development of a 
gun structure to produce a 0.26-mm diameter 95-mA beam at 20 kV using the 
TFFEC. About 92 cathodes were tested} 81 worked, and 11 were taken to 
95 mA or higher In a diode tube configuration. Several gun designs were 
investigated, and a prototype was fabricated and delivered to the National 
Aeronautics and Space Administration (NASA) for evaluation. NASA will 
perform high-current tests of the gun configuration using a beam tester 
designed for this purpose. 


The Spindt-type TFFEC, which was the primary subject of the inves- 
tigation described in this report, is based on the well-known field-emission 
effect and was conceived to exploit the advantages of that phenomenon while 
minimizing the difficulties associated with conventional field-emission 
structures, e.g., limited life and high voltage requirements. Field emission 
has been shown to follow the Fowler-Nordhelm equation^ 


J 


A F^ Bv(y)*^^^ 

exp 


( 1 ) 


2 

where J is the emission current density in A/cm , A and B are constants, 

F is the field at the tip, ^ is the work function in eV, and v(y) and t(y) 
are slowly varying functions of y where 


- 3.79 X 


( 2 ) 


2 

Both v(y) and t(y) are tabulated in the literature . The field at the 
tip Is 


F ■ gV volts/cm 


(3) 


where V is the voltage applied to the diode structure and 


p - f(r,R,e) cm"* 

References are listed at the end of this report 
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( 4 ) 


The relationship bec«reen f and th« tip radius (r), the anode-to-tlp spacing 
(R), and emitter cone half angle (G) Is complex^ and difficult to deter- 
mine accurately: for the purpose of our work tn need only to note that 
as r» R, and 6 beccoie sauilleri p Increases. Thus, smaller cathode-anode 
structure reduces the voltage required for a given emission current. 

The conventional field emitter, shomt in Figure 1, consists of a 
short segment of fine wire (usually tungsten) etched electrolytlcally at 
one end to a sharp point (i.e., small r, . The sep^nt is a»unted on a 
hairpin filament for support, and then is cleaned by passing current through 
the hairpin filament an heating the tip to Incaxwlescence. The point 
supplies cold electron emission when a positive voltage is applied to a 
ring or aperture anode spaced at a OMcroscoplc distance (R S 1.0 cm) from 
the emitter tip. At the point surface, the electric field required for 
field emission is on the order of 10^ V/cm; so despite the local field 
enhancement resulting from the sharpness of the tip, anode potentials of 
the order of kilovolts are usually required for field emission from a 
conventional emitter structure. 

So we find that in conventional structures positive ions formed 
at the anode or between the anode and the sharply curved emitter are direc- 
ted toward the tip by the curved field lines. These ions can roughen or 
sharpen the tip by sputtering. The sputtering efficiency is determined 
by a rate of ion formation, which is directly related to the local vacuum 
pressure and emission current drawn, and by the ion energies, which depend 
on the applied voltages. Tip sharpening by ion sputtering during operation 
increases the local field (for the same applied voltages) and thus progres- 
sively Increases the emission current and the sputtering rate until resistive 
heating of the tip leads to its destruction. This effect places a severe 
limit on useful lifetimes fo^ conventional emitters; but Brodie** has shown 
that the sputtering effect can be greatly reduced if one can lower the 
emission voltage below 150 V, and that reduction of the applied voltage 
to 50 V may effectively eliminate the sputtering. 

From an examination of the conventional structure we see that oper- 
ation of dense arrays of parallel tips entails difficulties of fabrication 
and that neighboring tips have a mutual shielding effect. Thus, large 
emitter-array areas that produce high current densities have not yet been 
achieved by these means. 

The field emission cathode shown in Figure 2 was developed at SRI. 

It consists of a conductor/insulator /conductor sandwich of dielectric thick- 
ness about 1-1/2 with holes about 1.5 pin to 2 pm in diameter in the 
top conductor (metal gate film), undercut cavities in the dielectric layer, 
and metal cones within the cavities. 
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FIGURE 2 THE SPINDT-TYPE THIN^FILIV! FIELD-EMISSION CATHODE 


page is 

qGAUTV 


origin 

OF 





Field •mlaeton !• obtained froa the tipe of the cotes when the tips 
are driven negative with respect to the gate fila* The field enhancMMnt 
of the tip (saall r) end the close spacing between the ria of the hole 
In the gate fila and the tip (eaall g) raquire potentials of only 100 V 
to 200 V across the sandwich for large field<-eaiseiMi currents. In eddi- 
tion. dense arreys of tips esn be operated without influencing one Mother 
the gate fila aurrounds each cone and prevents reduction of the electric 
field at the tips caused by tip interaction. 


Thia configuration reduces the problea of ion boabardaent because 
the tips are well shielded electrostatically by the gate fila; that is. 
the cquipotentials contoured about the tip are essentially confined within 
the cavity and Che equlpotentiala between the gate fila Md other external 
acceleration electrodes are uniformly spaced and plMC parallel. Thus, 
unlike Che etched>wire configuration case most ions formed between the 
gate film and an external acceleration electrode are directed toward the 
gate film rather than the tip. Also, the voIum of Ionization bet%ieen 
the gate film and the tip is very small; My tons formed within this re- 
gion will have low energies and will be unlikely to cause significant 
sputtering damage by striking the tip. 






IX BXPtKIMIllTAL RESULTS 


A. Purpo— of t!» E»p«ria«ntal ProarMi 

The experiaental ani devclopMittal progm iMi directed toward pro- 
duction of an electron *ba«B of 95 bA in a 0.26 -bb dioMtar bean at 12 kV. 
The realiration of theta goalr requlrad davalo|»wnt work in the following 

areas i 


Cathode production 

Anode or collector dcvalopMnt for high currant teett 
Analytit and nininitation of high-currant cathode-failure 
nechanitat 

Developnent of cathode d'^lving circuits 

Electron optica studies using rubber naabrane and coai- 

puter Bodela 

Design and fabrication of an electron optics bench 
Studies of electrmi-gun structures using the electron 
optics bench 

Energy-spread aeasureawnts 

Developnent of a precision cathode mount 

Delivery of a prototype electron gun with an operating 

cold cathode. 


B, Fabrtcailon Technology 

Cathodes fabricated and tested on this progran all consist of a 
5000-tip array with the tips on 12.5-^ centers. The array covers an area 
1 on In dlancter on a silicon chip that Is nominally 2.5-nn square. This 
cathode type has been designated "type 20" in the SRI cathode series. 

The fabrication process was essentially sinilar to that developed on the 
preceding program (NASA Contract NAS3-18903). Process yield improveiBents 
resulted frees Improved operator skills (through Increased familiarity with 
the process) and from experisients with the process variables to determine 
optisHjm conditions concerning film adhesion, hole/cone geosietry, and etch 
rates. 
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Tht b«ilc cathode fabrication procaar. for ttMaa studiaa vaa aa 
followat 

(1) TW-inch dlaaetar aillcon ifalarr vara mcidisad tn 
a depth of 1*3 (ii by atandard oxidation tachniquaa 
developed in the aeniconduct^ir toduatry. 

(2) The vafera v«re cut into 1 /2-inch aquaraa by acribing 
and breaking, or aawing with a dicing aaw. 

(3) Molybdenum electrodea were depoaited onto the aquarea 
by electron ^bean evaporation. The electrodea uere 
about 4500 A thick and uere 0*070-inch aquare, apaced 
on 0. 100-inch centera* Thua, there were 25 electrodea 
on each 1 /2-inch aubatrate. 

(4) Aluminum waa then depoaited over the aubatrate aurface 
between the molybdenum electrodea to protect the ail icon 
dioxide during aubaequent proceaaing, and to eatabliah 
electrical contact between all the electrodea and the 
aubatrate. 

(5) An electron-aenaitive realat, poly(methyl-methacrylate) 
or PMM, waa applied to the aubatratea and patterna 

of — 1-^ diameter holea expoaed with the SRI acreen 
lena ayatem. The patterna were 0,040 inch (- 1 *■) 
in diameter and contained about 5000 holea on 0,0005- 
Inch centers. 

(6) Holes were etched in the molybdenum electrodes where 
the molybdenum had been expoaed by developing the hole 
pattern in the PMM. 

(7) The PMM was stripped from the aubatrate and the silicon 
dioxide was etched down to the silicon base where it 
had been exposed by the holes in the molybdenum film. 

(8) The substrate was then mounted on a vacuum deposition 
station; the substrate was rotated about an axis per- 
pendicular to its surface as a pre-cloaing/parting 
layer was deposited at a grating angle. 

(9) The substrate was broken into twenty-five 0.100 X 0.100- 
cathode chips for mounting in the cone deposition 
apparatus, and molybdenum cones were deposited into 

the partially closed holes. 
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(10) The parting layer vea then dissolved releasing tt^ 
top MlybdenuB fila deposited during cone foraation 
and leaving the coiq>leted cathode chips with 5000 
emitter tips in a Ihm dlaaeter area. 


(11) The chips were aounted in high>teaperature ceramic 
holders for electrical tests. 


1. Film Adhesion and Etch Factors 


Several changes were aade during the program in details 
of the process steps to improve film purity, film adhesion, and the 
geometry of the etched holes. The scope of the program did not permit 
an extensive and systematic investigation of these parameters, but the 
chosen empirical approach resulted in an improved structure and demonstrated 
dramatic variations in the results with variation in process parameters. 


The molybdenum gate-film deposition process was the most interesting. 
Midway through the program SRI obtained an ion-pumped deposition system 
suitable for gate film and cone deposition. Background gases and system 
cleanliness can influence the nature of deposited films and a well-main- 
tained 10~^ torr ion pumped vacuum is cleaner than our 10~^ torr oil-pumped 
system (used in routine film deposition service for over 10 years). We 
felt that a field emitter cathode tip formed of materials deposited in 
a clean environment would be better behaved than would one of less certain 
composition. From the first, these assumptions seemed to be well founded; 
we obtained superior etching characteristics with substrates whose gate 
films were deposited in the ultravacuum system— specifically the silicon 
dioxide etch factor (£/d) as shown in Figure 3. 


Samples whose molybdenum gate films were deposited in the oil pumped 
system after sputter cleaning of the substrate with an oxygen/argon plasma 
produced etch factors as large as 1.8 (£ 2 /^ in Figure 3). This severe 
undercutting of the gate film led to cracking and breaking of the unsup- 
ported portion during subsequent processing. It also imposed a basic 
limit to the packing density that could be achieved with a given oxide 
thickness. 


Gate films were deposited in the ultra-high vacuum (UHV) system 
using the same electron beam evaporator that was used in the high-vacuum 
depositions. The predeposition in situ substrate cleaning consisted of 
a 600°C bake rather than the plasma/sputter cleaning used in the high 
vacuum system. This heat cleaning was substituted for the plasma /sputter 
cleaning because of the reduced pumping capacity of the ion pumped system. 
The resulting gate films were smooth and bright, and produced an etch fac- 
tor in the SIO 2 etch of 1 (wall slope of A5®), a significant improvement 
over the etch factor of 1.8 obtained with gate films deposited in the high 
vacuum station using plasma/sputter cleaning. 




This iNMi ACtrilrattfrf iftittelly to between 

the gate filtt and SIO 2 reinlting fnm ttw cea^ination of a oleaner vacuum 
enviroiment and the heat cleaning ua^ prior to d^pMiltion* therefore, 
it was rather surprlatog to dlaeover that tNi ^ta film throfea up and lifted 
away from the S 102 during auha^uent proceaalng* thaae ramtlts are con- 
tradictory ai^ not yet uwleratood, Wt it la loioira that haati&g saiq>les 
improves txmdlng, and that srae oxyg«i can improve the adUiaaion of active 
metals to 8td>8trates. So gate films were deposited in the hl^-vacuum sys- 
tem (10~” torr) «d.th the 600*C substrate bake, based on the assumption 
that the 600*C substrate bake in ultra*^ig^ vactnim was helpful and that 
the 10"^ torr environment result^ in a deficiency of oxygen at the inter- 
face between the molybdenum gate film and the S102. The resulting films 
produced an etch factor of 0.7 (35* wall slope) in the SIO 2 , and they did 
not lift from the substrate during subsequent processing as did the films 
deposited in UHV. 

This very much reduced etch factor also makes possible higher-packing- 
density cathodes. As can be seen from the micrographs in 'Figure 4, it 
would be impossible to Increase the packing density with the 1.8 etch fac- 
tor shown in 4(a), but Figure 4(b) shows an etch factor of 0.7 obtained with 
the improved processing. It is clear from Figure 4(b) that it is reason- 
able to try to increase the packing density of this structure by decreasing 
cavity size through the use of thinner oxide and a smaller diameter hole 
in the gate film. 

Figure 4(a) shows a ccxspleted cathode with a portion of the moly 
gate film broken away to expose the underlying structure. In Figure 4(b), 
all of the moly gate film and cones have been chemically etched away to 
show the Si 02 etch factor; the bond between the gate film and the Si02 
was too strong to be broken as we did with the cathode shown in Figure 
4(a). 


2. Decreasing Hole Diameter for Increased Packing Densit y 

It will not be possible to further reduce the size of the cathode 
hole/cone structure beyond some practicable limit. The limit may be asso- 
ciated with oxide thickness and dielectric breakdown; a practicable minimum 
in the closure/parting film thickness below which parting is unreliable, 
limits in the minimum hole diameter that can be reliably exposed in our 
electron sensitive resist (taking into account the backseat ter Ing that 
occurs as the beam impacts the substrate), or some other factor. These 
limiting factors must be investigated and each step of the process opti- 
mized to achieve the practicable limit. This has been set aside for future 
programs. For now, it is worthy of note that structures significantly 
smaller than we are now fabricating are possible, as shotm by results ob- 
tained with a cathode that had a faulty resist layer and developed several 
"pinholes" (many of which were smaller than the holes we normally fabri- 
cate in the moly gate film). Figure 5 shows an electron micrograph of 
a portion of this cathode with one hole 2 ^ in diameter containing a large 
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FIGURE 4 VARIATION 
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FIGURE 5 SCANNING ELECTRON MICROGRAPH OF A 2-^m DIAMETER 
CATHODE AND A 0.85-pm DIAMETER CATHODE SPACED 
CENTER-TO-CENTER 
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cone end e nearby hole with a 0*85 \m diaoeter hole and proportionally 
smaller* certainly adequate* cone. The cones are approximately 3 )pi be- 
tween centers* Making 0*85 |ft holes In a controlled process will require 
soBMB work with our screen lens electron beam exposure system* but It should 
be possible* 

C. High Current Operation 

A cathode has been tested at currents of up to 160 mA* 20 A/cm^ \ 

from the l^n diameter area occupied by the 5000>tlp array* Ten have been | 

tested above 95 mA or 12 A/cm^ without suffering significant tip failure | 

counts; four cathodes were operated at over 95 mA with fewer than 5 (0*1Z) { 

tip failures. In addition* two 100-tlp arrays have been operating on life | 

test at 2 mA for 33*000 hours (3 years* 9 months) with no change in opera* 1 

ting parameters since emission was established* These life tests are I 

discussed In detail In Section E* The life test results are significant ^ 

with regard to high-current operation because when operating at an emission 
level of 2 mA* the 100 tip array is working at an average tip loading of 
20 pA per tip* Thus It appears that the difficulties encountered in achiev- 
ing 100 mA routinely with the 5000-tlp array are aassoclated more with 
the total current level and its liqtact on the tube components than with 
a basic cathode limitation. For example it was necessary to use pulsed 
operation to prevent overheating the collector or anode* but a high fre- 
quency pulse generator used for this purpose caused arcing damage to the 
cathode* Attempts to use water-cooled copper anodes led to large numbers 
of tip failures by local arcing. High-current operation required high 
fields between the cathode and the collector to overcome space charge effects* 
but increasing the voltage on the collector led to heating and breakdown 
problems. These and other effects are discussed In more detail below* 

1. Space Charge Effects 

1 

Observation and analysis of the behavior of gate film current %fhen 
operating the cathode at high emission levels give a clear Indication of 
space charge effects in the beam* Figure 6 shows the circuit used and 
the various observed sources of gate current* Typical operation has been 
with the gate grounded through one channel of a dual-trace oscilloscope* 
the tips driven negatively by a 60-Hz half wave rectified sine wave, and 
the collector biased positively about 1 kV to accelerate the electrons 
away from the cathode and prevent losses due to secondary emission from 
the collector. Normal emission from the tips to the collector is shown 
in Figure 6 by the trajectory labeled (1). Numbers 2* 3, 4 and 5 show , 

various sources of gate current* Figure 7 shows oscillographs Illustrating 
different gate current conditions; Figure 7(a) shows 45 mA of emission 
to the collector with about 35 pA in the gate film circuit. The V-I trace 
for the gate circuit indicates cathode capacitance by the hysteresis or 
capacitive loop that the trace follows (#3 in Figure 6), some cathode leak- 
age (#4 in Figure 6) by the slight droop in the trace as voltage increases* 
and condition 2 in Figure 6 by the sudden and steep drop in the trace near 
peak voltage. This steep break is surely intercepted emission current* 
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•nd It vtry liktly dut to tptct ehart* tfftcttt v* fout^ that iaerMting 
th« volttgt on tht eolltctor rtductd tht aaount of currtnt folng to tht 

goto. 

Fi^rt 6(b) thoift rtvorto curront flow in tht gttt circuit, but 
agtin incrttting tht eolltctor volttgt CMittd tht gttt currtnt to bt rt<- 
duetd in vtlut indicating that aptet charge tfftett wtrt ctutlng tltctrona 
froB tht btaa to rttum to tht gttt filn at ahown cemdition 3 in Figure 
6. In thia caae, the iaq>act waa apparmtly at a locatlM on the gate filn 
which prevented tht tacapt of atcondarieo to tht collector, thider theat 
conditions, a aecondary taiaaion ratio greater than 1 would give the im- 
preaaion that poaitlvc Iona were goi^ froa tiM collator to the gate, 
or that the gate waa field eaittlng to tht collector. 


The concluaion that it la in fact aec<mdary miasion to the col- 
lector ia supported by Figure >(c>. The eaisslon to the collector is very 
high (about 160 a6) and the current to the gate is seen to go positive 
initially and tl^ to decrease so that at the pe^ voltage there %ms a 
net zero curr«tt flow in the gate circuit. When the collector voltage 
was again decraased froa 1 kV, the aagnitude of tha current to the gate 
film increased slightly; increasing the collector voltage to 1200 V decreased 
the magnitude of the gate current. 

It appears from these results to be necessary to naintaln fairly 
high electric fields at tha cathode surface to prevent space charge effects 
in the beam froa causing boabardaent of the gate flla. Care is required 
because fields are increased by raising voltage and decreasing spacing; 
both can cause difficulties with the experiment. Higher voltage increases 
collector heating and outgassing which can lead to breakdown,; closer 
spacing let is to higher current density at the collector and less favorable 
local pumpout conditions, which can also lead to breakdown. 

2. Collector Heating 

High peak-power density caused difficulty in the high current experi- 
ments. We found that the collector was heated to incandescence («» 900*C) 
in a matter of moisents when operated at 15 mA peak collector current with 
a negative half sine wave 60 Hz tip driving voltage, -f300 V on the collec- 
tor, and the gate film at ground. This problem was eliminated by devising 
a low duty cycle pulsing circuit to drive the cathode. 

The low duty cycle circuit worked well, but disturbing failures 
of the gate film occurred when the cathode was operated in a pulse mode 
to minimize collector heating. These failures were "chain lightning" 
arcs across the surface of the gate film as shown in Figure 8. It was 
noted that this failure was not necessarily associated with high emission- 
current levels; they occurred only when a cathode was driven with the pulse 
circuit that had been designed for operating the cathodes at a low duty 
cycle during high emission current tests. The low duty cycle pulse circuit 






con«l«C«d of • dc poifor supply and a gating circuit to turn a dc voltaga 
to tha cathoda on and off vary rapidly with a low repetition rata* Figure 
9 shown the voltaga pulse applied to tha baas md the resultant anisaion 
currant pulse applied to tha collector* It appears that the fast rise 
tine of the pulse coaq>ared with 60*Hs operation reaulted in charging cur- 
rents in the gate filii high enough to produce local outgaaaing and break- 
down shown in Figure 8* 

Clearly* it was necessary to overcons these probleas (space charge* 
collector overheating* and excessive charging currents in the gate file) 
to achieve eaission currents in the 100-aA range* 

Breakdown caused by high charging currents in the gate film was 
the first difficulty to be eliainated* Early work with 100-tlp arrays 
deaonstrated that thm cathode was capable of being driven at peak voltages 
in the AOO-V range idien using a 60-Hs sine wave* Thus* a gating circuit 
was devised to gate the output froa our 60 Hz half wave rectified cathode 
supply and allow only a predeteralned fraction of the 60 pulses per second 
through to the cathode* The gating circuit can be adjusted to reduce the 
duty cycle to lOZ* 2Z* IX* 0*SX* 0*2Z* and 0*01Z of the normal 60 pulses 
per second. Figures 10 and 11 show the gating circuit used* There have 
been no "chain lightnening" cathode gate-film failures when operating the 
cathodes with this circuit* but there were several failures in the form 
of a high-energy localised arc as shown in Figure 12* 

These failures were caused by high output capacitance in the gating 
circuit design. The laboratory in which the experinmt was being conducted 
has a great deal of electrical noise* and a capacitor had been added to 
the output of the gating circuit to minimise electrical spikes which could 
cause high frequency pulses and the "chain lightning" arc experienced with 
the square wave pulse. The capacitor worked well for this purpose. But 
if a single tip failed to a short circuit when the capacitor was charged 
to peak voltage, the energy stored in the capacitor was dumped into the 
gate film through the short and the sandwich structure was literally blown 
apart. This gross damage usually resulted in a permanent short between 
the cathode base and gate film. 

When the cause of the problem was diagnosed and the capacitor re- 
placed by a power line filter and improved shielding, this failure became 
unconnon. 

These changes resulted in improved perfotmance, nevertheless the 
cathodes suffered a disturbing number of individual tip failures at currents 
well below that expected on an individual-tip- loading baeis. As measurements 
with 100-tip arrays yielded currents that averaged 20 •/. per tip with ease, 
the 5000-tip-array cathode could be expected to produce a total of 100 
mA or 20 pA per tip without undue difficulty. But this was not the case: 
Individual tip failures occurred at loadings of about 5 pA per tip in 
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FIGURE 10 BLOCK DIAGRAM OF ORCUIT FOR HIGH CURRENT EMISSION TESTS 









FIGURE 11 PULSE CIRCUIT FOR DRIVING CATHODES 










large nuobera of the SOOO-tip cathodes (see Figure 13(a)). This result 
suggested that the higher total currents produced by the 5000 tip array 
cathode were causing heating of the collector and bursts of gas that caused 
arcs In the cathode structure even with the reduced duty-cycle operation. 

In an attempt to reduce collector heating and outgassing, a water- 
cooled OFHC copper collector was fabv*icated as shown schematically in 
Figure 14. The collector was cleaned by baking In ultra high vacuum to 450*C y 
while the end was bombarded with electrons from a hot tungsten wire fila- 
ment. The cathodes were then Installed and the system again baked to 450*C 
before the cathodes were turned on. The results were surprisingly poor, 
and the cathodes all failed to reach current loadings over about 1 per 
tip. Figure 13(b) shows the large numbers of tips that were typically 
found to have failed after a trial using the copper collectors: as many 

as 2500, or 50% of the total tips, were destroyed on some cathodes. Re- 
markably, some of these cathodes were still operating even after about 
50% of the tips had blown out. 

The reasons for the very poor results with the water-cooled copper 
collectors are not known; however, a simple collector arrangement reduced 
the problem to a level that made possible achievement of lOO-mA emission 
with several cathodes using the gating circuit. The successful collector 
arrangement is shown schematically in Figure 15. It consists of a well- 
outgassed stainless steel tube 3/8” in diameter and about 1 inch long. 

The tubes are bent in a gentle curve, so thac no direct path through ex- 
ists for the electrons, but gas molecules can escape from either end. 

When the electrons frcm a cathode are directed into one end of the tube 
as shown, their landing area is spread over most of the inside wall of 
the tube, thereby greatly reducing the power density caused by electron 
impact on the collector surface. 

Before being Installed in the cathode test structure the collector 
tubes were processed by degreasing, hydrogen firing at 1000’’C and vacuum 
baking at 1000®C. They were then pumped to about 10”^ torr in the ultra 
vacuum system and bombarded with electrons from a tungsten filament cathode 
at 500 V and 20 mA dc: the tubes were seen to glow at about 900®C during 

this bombardment. After 30 minutes under these conditions the filament 
and voltage were turned off and the tube allowed to cool. At the end of 
cool down the pressure was noted to be ~ 2 X 10”10 torr. The filament 
was then turned on again and a pressure burst of — 6 X 10~1® torr noted 
for a few moments. After this burst had settled, the voltage was applied 
to the tube and another pressure burst of about 4 X 10"^® torr was noted 
for about 10 seconds. The presssure was then stable at about 2 X 10“10 
torr as the tube heated to ~ 900®C. After cool-down the chamber was opened 
to dry nitrogen and the tungsten filaments replaced with the field-emission 
cathodes. The system was then pumped down again and baked at 400°C for 
48 hours. The cathodes were then brought up to 10 mA of emission slowly 
using the 60 Hz driving voltage at 100% duty cycle, 20 mA at 10% duty cycle 
and 100 mA at 1% duty cycle. The gating circuit shown in Figure 10 and 
described earlier was used to control the duty cycle. The results obtained 
are shown in Table I. The data in the table clearly show that cathode 
performance was significantly Improved by using the stainless-steel tube 
collectors. 
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(a) 20mA 


(c) 100mA 


FIGURE 13 MICROGRAPHS OF INDIVIDUAL TIP FAILURES CAUSED BY LOCALIZED 
FAULTS AND HIGH-PRESSURE BURSTS 

(a) Original molybdenum collector, (bl Water-cooled OFHC copper collector; 
and Ic) Stainless-steel tube collector 
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T«bl« X (CcmtlaiMd) 


Ttat 

$«t 

^thoAm 

tiuLimm 

V/I 

Duty 

Cycle 

hmoAM 

Type 

Tl^ 

Bloim 

Arc* 

taMrki 

9 

20~B*1-B 

130/12«A 

lOOX 

8,S. 

^500 

0 

8hore*d 

9 

20^-1-J 

12S/10^ 

2% 

S.S. 

0 

0 

Workltif 

9 

20-8-l-K 

190/100iA 

IX 

S.S. 

^ soo 

0 

Iforking 

9 

20-8-1-41 

UO/lOiiA 

2X 

S.S. 

3 

0 

Working 

9 

20-8—1-0 

ISS/lOOiiA 

O.SX 

S.S. 

83 

0 

Shorted 

9 

20-U-l-P 

125/lOiiA 

2X 

S.S. 

0 

0 

Working 

10 

20-ll-l-B 

21S/Sh4 

100 

S.S. 

500 

0 

Shorted 

10 

20-11-l-D 

135/4S«8 

2 

S.S. 

>4000 

1 

Shorted 

10 

20-11-1-F 

ISO/SOmA 

2 

S.S. 

0 

0 

Working 

10 

20-U-l-G 

180/IOmA 

100 

S.S. 

^0<K) 

0 

Shorted 

10 

20-11-1-M 

170/lOiUl 

100 

S.S. 

110 

0 

Working 

10 

20-11-1-L 

. 

- 

S.S. 

- 

- 

Shorted 

11 

20-11-1-0 

lOS/lOiiA 

100 

S.S. 

- 

0 

Working 

11 

20-11-1-P 

110/10bA 

100 

S.S. 

- 

0 

Working 

11 

20-n-l-Q 

130/2«A 

100 

S.S. 

- 

- 

Shorted 

11 

20-n-l-T 

- 

- 

S.S. 

- 

- 

Shorted 

11 

20-11-1-V 

- 

- 

S.S. 

- 

- 

Shorted 

12 

20-42-2-P 

215/80«A 

2 

S.S. 

2 

0 

Working 

12 

20-42-2-0 

240/8nA 

100 

S.S. 

700 

0 

Shorted 

12 

20-42-3-J 

- 

- 

S.S. 

- 

1 

Shorted 

12 

20-42-3-G 

- 

- 

S.S. 

- 

1 

Shorted 

12 

20-42-3-F 

- 

- 

S.S. 

- 

1 

Shorted 

12 

20-42-2 T 

1 

- 

S.S. 

- 

2 

Shorted 

13 

20-42-3-1 

- 

- 

S.S. 

1 

0 

Shorted 

13 

20-42-3-N 

185/40nA 

2 

S.S. 

102 

0 

Working 

13 

20-42-3-0 

220/2SaA 

2 

S.S. 

80 

0 

Working 

13 

20-42-3-S 

140/35nA 

2 

S.S. 

105 

0 1 

Working 

13 

20-42-2-M 

220/SObA 

10 

S.S. 

250 

0 

Working 

13 

20-42-2-S 

200/40bA 

10 

S.S. 

1500 

0 

Working 

14 

20-42-1-B 

260/ 3nA 

10 

S.S. 

p^OOO 

1 

Shorted 

14 

20-42-1-C 

285/ 5nA 

10 

S.S. 

•^00 

0 

Shorted 

34 

20-42-1-D 

320/30b4 

10 

S.S. 

150 

0 

Working 

14 

20-42-1-F 

280/lOnA 

100 

S.S. 

-200 

0 

Work ;ng 

14 

20-42-1-H 

280/10b4 

100 

S.S. 

83 

0 

Working 

14 

20-42-1-1 

300/ 10a* 

100 

S.S. 

250 

0 

Working 

15 

20-44-2-B 

140/35B* 

10 

S.S. 

40 

0 

Working 

15 

20-44-2-C 

110/39«A 

10 

S.S. 

50 

0 

Working 

15 

20-44-2-D 

20S/80B* 

10 

S.S. 

16 

0 

Working 

15 

20-44-2-F 

250/75mA 

10 

S.S. 

14 

0 

Working 

15 

20-44-2-G 

Short 

100 

S.S. 


0 

Shv.rted 

15 

20-44-2-F 

250/90irt 

2 

S.S. 

44 

0 

Working 
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Table I (Conelwdad) 


T«tC 

Set 

Cathode 

Nuaber 

Maxiaua 

V/1 

Duty 

Cycle 

Anode 

Type 

Tipi 

Blcywn 

Arci 

tUmarki 

16 

20-44-2-1 

21S/35«A 

10 

SeSe 

^OQ 

2 

Shorted 

16 

20-44-2-K 

Short 

100 

SeS. 

0 

0 

Shorted 

16 

20-44-2-L 

260/SOM 

2 

s.s. 

21 

0 

Uoricing 

16 

20-44-2-M 

26S/SnA 

100 

s.s. 

*^00 

1 

Shorted 

16 

20-44-2-N 

2i5/10nA 

100 

S e S e 

75 

0 

Shorted 

16 

20-44-2-0 

255/30mA 

10 

S.S. 

100 

0 

Working 

17 

20-45-2-F 

105/35M 

10 

s.s. 

1 

0 

Working 

17 

20-45-2-G 

130/40M 

10 

s.s. 

2 

0 

Working 

17 

20-45-2-L 

110/20mA 

ioo 

s.s. 

0 

0 

Working 

17 

20-45-2-0 

10S/30mA 

10 

s.s. 

0 

0 

Working 

17 

20-45-2-P 

130/SObA 

10 

s.s. 

0 

0 

Working 

17 

20-45-2-Q 

130/15ibA 

1 

100 

s.s. 

0 

0 

Working 



T«st ftt 2, in Tabic Z* raprasanta tha firat trial In which tha 
atalnlaaa ataal tuba collactors vara usad* All of ttai eathodaa of thia 
tatt aat wura daugad by an arc axe^t 20-9-2-ai, lAlch waa toatad to SO 
■A and found to hava only ona tip dMagad. Sana tlaa aftar thla taat 
%ra dlacovarad danaga to tha eathodaa CMaad by tha diacharglng of a capa- 
citor in tha driving circuit through a t«q>orary baaa-to-gata ahort. Thia 
arcing cloudad tha raaulta and tha parfomanca of tha atainlaaa ataal tuba 
collector at that tina did not aam to be aignificantly different .^ron 
that of tiM aolybdanun collator (aat lj» and thua taata continued uaing 
copper collactora for aeta 3» 4, and 5. After teat aet 5 it waa clear 
that the copper collectora were iu>t going to be aatiafactory for thia work. 
It waa alao clear that the capacitor in the circuit cauaed the area which 
damaged the cathode atructure in aeta 1 and 2. 

Thua the deciaion waa made to r«exaaine the atalnlaaa steel tube 
collectora with the offending capacitor removed from the driving circuit. 

The reaulta (aet 6 of Table I and Figure 13(c)) were dramatic: there were 
no area and two cathodea achieved tlM gt<al of 95 m4 or more. Of the next 
12 cathodea teated (aeta 7 and 8), nine achieved 50 nA or higher and six 
achieved the goal of 95 mA or more. 

The remaining difficulties seem to be associated with space charge 
effects in the beam that lead to bombardment of the gate film at high 
emission levels. For the purposes of this phase of the program these 
results are satisfactory and the question of collector design and processing 
was not pursued further. It is clear, however, that more work imist be 
done with the collector arrangeaient if the cathode's full potential with 
respect to reliability and maximum output current is to be realized. 

D. Cathode Geometry 

1. Tip Geometry 

As noted in the introduction. Fowler-Nordheim theory shows that 
emission current Increases exponentially as the field increases. The field 
at the tip depends on factors which include the tip radius (r) and the 
distance (R) between the tip and the counterelectrode, or gate iilm in 
the case of the TFFEC. 


A pattern emerged as observations were made of cathode performance 
as a function of hole radius (R) , tip radius (r),and cone height: hole 

radius and cone height seemed to have a strong effect on current obtained 
for a given voltage but tip radius seemed to have little effect. For ex- 
ample. Figure 16 shows two emitters with tip radii differing by approxi- 
mately a factor of 4. but with tip height and hole size very nearly the 
same. According to theory, the field at the tip is roughly Inversely pro- 
portional to the tip radius so we should expect the voltage requirement 
to increase by a factor of 4 to compensate for the reduced field enhance- 
ment of the blunter tip. The voltage required to produce 10 mA from the 




sharper tip cathode was 100 volts* and the blunt tip cathode produced 
10 nA with an applied voltaga of 90 volts* This is surprising* and not 
consistent with theory at firat thought* 

A poaaible explanation is that tiM ealaaion actually ia dependent 
on uork function s»dification by adaorbatea mu! field eiUianconent caua^ 
by tip surface nicroatructure which haa dlaenalona of a few angstroaa* 

Corner^ describes Just such a stfchanian: **Surface irregularities of very 

snail site will show up as bright aagnified regions (In a field eaiasion 
nlcroscope) If the local work function and field conpare favorably with 
the surroundings* that la, if 

bunp 5 tip. 

This condition is often net by individual Mlecules* or nnall clusters* 
and by oriented overgrowths a few aton layers in thickness or width*" 

Data gathered In a study In this laboratory of noise In field enis> 
slon^ support the llkllhood of the emission enanatlng fron snail areas 
on the tip. The results of this study can be briefly suanarized as follows: 

(1) The enltting areas computed by the Fowler-Nordhelm 

nethod are on the order of a few square angstroms. 

(2) If a "snooth" spherical cap tip is assumed, the 
calculated electric fields at the tip are too snail 
by a factor of 4 to account for the emission observed 
without assuming an unreasonably low work function 
for the surface. 

(3) On the basis of a linear variation of work function 
with the field the apprreat area reduction is too 
large to be obtained without a substantial deviation 
from the Fowler-Nordhein relationship. No such devi- 
ation was observed. 

(4) Images observed in a field emission microscope usually 
consist of "lobes" without the regular pattern seen with 
clean single crystal emitter tips. 

(5) Burst noise occurs in pulses of visual height with 
rapid rise times and is indicative of atcHsic effects 
such as the rearrangement of atoms at the tip. 

Microstructure and surface conditions that modify the effective 
work function of the t«.p dominate. Therefore, these experiments have not 
shown differences in performance that can be attributed to tip radius 
alone. Section E discusses in more detail the results of some experiments 
dealing with surface eftc ts. 
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2. Holt CtoiMtry 


Tht holt dlMNttr It tht Min dlBtntion controlling tip>to*co«mctr- 
tltctrodt tptcing* Tht bttt rttultt with rttptct to volttgt rtquirtd for 
a givtn Itvtl of tnistion htvt bttn obtaintd with tMll holt ditatttrt 
and with cone htightt that place tht tip in or alight ly above tht plant 
of tht counterelectrodt. However, for tht rtaaona dltcutttd above, and 
in the next aectlon, it hat not been poaaible to obtain definite and con- 
aiat'^int data on preferred gtOMtrltt. 


E. The Effects of Envlronnent on Cathode Biiation 

1« Pressure Envlronnent 

A study of pressure effects on cathode performance was beyond the 
scope of this program; however, one of the experimental setups provided 
an opportunity to make some observations with essentially no extra effort. 
The vacuum system used to set up an electron optics bench included a gate 
valve between the chamber and the ion pump. Thus it was possible to measure 
the pressure in the chamber with an ion gage tdiile changing the pressure 
in a controlled fashion by throttling the pump with the gate valve. 

A cathode was set up in a gun configuration with a phosphor for 
viewing the beam shape as shown in Figure 17. The chamber was pumped to 
1 X lO'^ torr without bakeout and a series of tests performed with the 
lens system (discussed in a later section). 

The cathode was then set at an emission level of 20 pA, as measured 
at the phosphor, and observed to be stable at that level for 150 hours 
at room temperature. During this time the applied potentials were 115 V 
on the cathode and 6 kV on the phosphor and accelerating lens. The pump 
was then throttled by partially closing the gate valve. The pressure in 
the chamber was monitored with an ion gage and set to 1 X 10“' torr by 
adjusting the gate valve. The emission was observed over the next 3f»0 
hotirs with a constant voltage of 115 V on the cathode. As shown in Figure 
17, the emission fell to a level of 1,5 pA over a period of about 230 hours 
and remained essentially at that level for the next 130 hours. At the 
end of that time the gate valve was again opened and the pressure dropped 
very rapidly to 1 X 10“^ torr. The emission from the cathode increased 
to the original value of 20 pA over a period of 50 hours and remained at 
that level for another 100 hours before it was turned off and the system 
opened for a change in the gun structure. An examination of the cathode 
revealed no detectable damage as a result of this experiment 

Qualitatively, these results are au expected^, but as far as we 
knt>w this type of measurement has never before been performed at these pres- 
sures. Measurement of gas adsorption effect r is usually done on "clean" 
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tips in th* 10 ' torr rngiont !•••» four ordnrn of Mtnitud* lower than 
our operating preasure. A later prograa aupported by KASA through the Jet 
Propulaion Uboratoriea (SRI Project PYD 6932, JPL Contract No. 954840, 
•ubcontract under NASA Contract NAS7-100) added aore intereating reaulta 
to the high preaaurc inveatigation. Under rhia prograa the effecca of 
aeveral gaaea on cathode perforaance at rooa teaq>#rature were obeerved. 

Theae gaaea were Ar, Ne, He, H^, NH^, CH^, H^S, and N 2 O. 

Briefly, the reaulta ahow that with the voltage held conatant, the 
eaiaaion waa eaaent tally unchanged by Ar, Ne, and He, but waa increaaed 
by H.* NH., CH,, H 2 S, and H,0. Figure 18 ahowa 10*6 torr of H, and H-0 
to illuatrate the iUture of'' the effect. The initial drop in eaiaairn^ 
when the water leak waa Introduced ia believed to be cauaed by air trapped 
in the water aample. In all caaea the effect waa coeplotety reveraible, 
and therefore ia thought to be due to adaorptlon and deaorption of gaaea 
on the tipa with a correaponding change in the effective work function 
of the tipa. It would then be reaaonable to aaai»e that 0. in air la 
responaible for the esiaaion decreaae ^en air la introduced to the ayaten, 
aince O 2 ia electronegative. Figure 19 ahowa that thia ia indeed the caae. 

Another interesting effect of O 2 in the extreacly quiet emiaalon 
obtained when the cathode cane to equiiibrlun with the 02 >rich environaent. 
This result could be important in applications where very stable etui sal on 
is required. 

Theae experiments were preliminary in nature and intended only to 
show trends. Therefore, it was not possible to study mote gases or the 
effects of temperature, various emission levels and any changes in the 
emission patterns when operating under these conditions. 

2. T emperature Environm ent 

As discussed earlier, operation of the cathode at current levels 
in the IS-mA range at a 100% emission duty cycle was seen to cause the 
stainless-steel tube collector to heat to incandescence ('- 800 to 900*C). 
When this was first observed, the emission was immediately reduced to pre- 
vent damaging the cathode or collector. 

More recently an experiment was performed c-:clng which the collector 
heated to these temperatures during bombardment from an emitter array while 
no operator was present. The cathode had been left at 190 volts with 10- 
mA emission at 100% duty cycle. Forty minutes later the operator returned 
and noticed that the emission current was off scale (over 16 mA) , and the 
voltage had dropped to about 7S volts due to protective series resistors 
in the circuit. The voltage was reduced and the cathode was seen to require 
only 65 volts to produce 10 mA emission. This level of emission was main- 
tained for at least three hours, and the cathode was left operating at 
this voltage over night. 
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The following morning the cathode required 105 volts for 10 mA; 
after two days It required about 115 volts. Figure 20 shows the results 
on a Fowler-Nordhelm plot. That the effect Is reversible and the slopes 
of the curves are different suggests the shift in characteristics is caused 
by an effective change in work function by desorption from the tips, or 
perhaps by adsorption of material fr<»i the collector: It does not seem 

to be due to a geometrical change such as roughening or sharpening of the 
tip by sputtering. This result is recent and incomplete, but 10 mA of 
field emission at 65 volts is very attractive and certainly worth pursuing. 

From these results it is clear that the previous attempts to make 
sense of the effects of geometry on the emission characteristics of a 
cathode were futile without careful control of the cathode's environment. 

The surface condition of the tips is the likely cause of an apparent con- 
tradiction (sharper tips require more voltage to produce a given current) 
as shown in Figure 16. The sharper cathode might produce higher emission 
levels than the larger-radlus cathode if the two were operated under iden"- 
tlcal conditions; or it may be that mlcrostructure dominates the situation 
under those conditions, and the blunt tip produces more emission because 
of a larger effective emission area. 

We stress, however, that with the exception of the consistently 
poor results with cathodes whose cone height places the emitter tip below 
the plane of the counterelectrode, results obtained to date have not yielded 
a preferred geometry. 

F. Lifetime Tests 


Life studies were initiated on the previous cathode program (NASA 
Contract NAS3-18903). Three 100-Uip-array cathodes were sealed in separate 
stainless-steel tubes with 2 liter/sec appendage pumps. The cathodes were 
originally set at peak 60-Hz emission levels of 2 mA (3 A/cm^) in the middle 
of March 1975. Since that time, many events have influenced the performance 
of the three cathodes. One of them was severely damaged by a collector 
power supply failure on March 2, 1978, and subsequently failed to a short 
circuit between the gate and base on llarch 27, 1978. This cathode operated 
at levels of 1 mA to 2.25 mA for a total of more than 3 years (26,000 hours). 

The other two cathodes are still operating and in December 1978 
had more than 33,000 hours of total time at emission levels between 2.5 
and 1.5 mA. Figure 21 shows one of the cathodes at the start of the test 
on March 7, 1975 and (after approximately 33,000 hours) on December 11, 

1978. The emission has not been steady at 2 mA as shown throughout that 
time; but from the lack of more than very small changes in the voltage- 
current characteristic, it is not likely that any of the power failures 
that the experiment suffered caused any permanent damage. All of the large 
emission changes have been associated with power supply failures that caused 
voltage transients or bombardment of the gate film Induced by a collector 
bias failure. 


EMISSION CURRENT 



FIGURE 20 FOWLER-NORDHEIM PLOT OF EMISSION 
CHANGES AT HIGH POWER LEVELS 
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la) START OF LIFE TEST (MARCH 7, 1975) 
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(b) EMISSION AFTER 33.000 HOURS (DECEMBER 11. 1978) 


FIGURE 21 CURRENT-VOLTAGE OSCILLOGRAPHS FOR 100-CONE ARRAY DRIVEN BY 

A 60-Hz HALF-WAVE VOLTAGE TO A PEAK CURRENT OF 2-mA FOR 33,000 HOURS 
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The cathodes seal to recover slowly after a disturbing event such 
as a bias failure, and the effect seems to be mch like that observed 
with the high pressure tests. It may be that a bias failure leads to bom- 
bardment of the tube walls and outgassing that results in an Increase in 
work function of the tips; after the bias is restored, the tips slowly 
clean up again. 


G. Energy Spread 

The energy distribution of field emitted electrons has been inves- 
tigated®*^*^® and is generally accepted to be similar to that of a thermi- 
onic cathode when the field emitter is operated at room temperature. That 
is, the usual data show a half height width of about 0.2 eV. These measure- 
ments are difficult to perform and they require carefully constructed appa- 
ratus of the sort used by van Oostrom® shown in Figure 22. An Elnsel lens 
is used to focus the beam on a point which Is at the center oi’ curvature 
of a hemispherlcally-shaped collector. Then, since the beam will travel 
radially from the focal point. It will in theory approach the collector 
without having any energy component parallel to the surface of the col- 
lector. 

Figure 22 shows how measurements were made with the apparatus. 
Voltages are applied to the lens as shown and the tip bias is set to about - 
30V. The cathode driving voltage is then adjusted to produce the desired 
level of emission to the collector. A AV is then applied to the tip bias 
in the form of a 0.6 volt peak-to-peak square wave. The total energy dis- 
tribution can then be measured by varying the cathode voltage from zero 
to -30 V and by measuring the total current to the collector and the rela- 
tive slope of voltage current curve from the amplitude of the ac component 
of the collector current. The normalized differential curve shown in 
Figures 23 and 24 is the usual display form of energy distribution data. 

Figure 23 shows the results obtained by setting Vj at 5 kV, the 
maximum emission at 1.6 pA, AV at 0.6 V peak-to-peak, and tuning V 2 to 
give the best peak definition while sweeping the tip voltage (Vj^) through 
a range of several volts. Curve 1 is the dc component of the emission 
current. The threshold for the onset of collector current is 4.5 volts, 
consistent with published values for the work function for the molybdenum 
collector. The emission appears to fall off at values of tip voltage above 
about -19 volts, as reflected electrons are lost from the collector. The 
differentiated curve (2) is rather unusual: it shows many peaks rather 
than one as is seen with single tip emitters. At first thought this would 
be interpreted to mean that there are voltage differences between the 
emitting tips. 

The mechanism for such voltage difference is not apparent. For 
example. Figure 24 shows the results obtained by setting the emission level 
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FIGURE 22 TOTAL ENERGY DISTRIBUTION SETUP 
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COLLECTOR CURRENT AND DIFFERENTIATED COLLECTOR CURRENT 
AS A FUNCTION OF TIP VOLTAGE (Vk - 125, Vi - 5k, Vo “ 200) 
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TIP VOLTAGE l-V» 

FIGURE 24 COLLECTOR CURRENT AND DIFFERENTIATED COLLECTOR CURRENT 
AS A FUNCTION OF TIF VOLTAGE (V^ - 106, V, - 2k, V 2 - 01 
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«t «« so nA and tuning the voltagee for the beet peak reaolutlon on the 
dl/dV curve. There ia a 10-nA current riee in the current curve with a 
correspondingly large peak in the dl/dV curve at about 14 volts, or about 
9 volts higher than the onset of current flow to the collector. This 
would imply a 9-volt drop in series with the tip that was responsible for 
that 10 nA of emission, and the effective resistance in series with that 
tip would then have to be 900 megohms or about 10^ ohms. If one were to 
assume that a l-(in cylinder 1 -(|b long under the cone was responsible for 
this resistance (a conservative estimate), its resistivity would have 
to be 10^ r^cm to account for such a high impedance. This would be dif- 
ficult to attain in the 0.01 C^cm silicon used as the base material. 

A more likely explanation is the electron optics 'f the situation; 
emitter tips off the optical axis or perhaps emitting at a difficult angle 
may be responsible for the spread, since the system is designed for a 
single, on-axis emitter source. It is possible that the optics of our 
apparatus were not good, but we note vrith interest that similar experiments 
(unpublished) by van Oostrum using the apparatus described in Ref. 9 pro- 
duced equivalent results. 


Electron Optics Tests 

1, Approach 

The ultimate goal of the program is to produce a 95 raA, 0,26 -am 
diameter beam at a position 2.51 cm from the cathode surface. The usual 
approach to a gun system design problem would be to set up a computer model 
and plot electron trajectories for various electrode configurations. Many 
electronoptics design problems are amenable to such analysis by direct 
computer methods; the voltage equlpotentlals are derived from a given elec- 
trode configuration and then used to compute the electron trajectories. 
GenernlJy, such computations are handled in two parts: the first-order 
properties of the system (focal points, principal planes, and image points) 
are derived as an initial step; using this information, the trajectories 
can be coi.:puted to higher accuracies by introducing aberration terms. 

Most electron-optics systems have electron beams that deviate only slightly 
from tile system's axis, and the trajectory angles (measured from the axis) 
remain quite small, usually smaller than 0.01 radian or about 0.5%. These 
small angles make it possible to obtain good trajectory approximations 
by using third-order aberration theory and neglecting all higher orders. 

An electron gun using the TFFEC however, utilizes beams which may 
have positions far from the system axis and angles of at least 10® and 
perhaps as high as 30°. In these circumstances accurate computer calculation 
techniques are difficult to use. Thus the initial work was planned with 
a more heuristic approach, employing mininxim digital computation. This 
approach was divided into three separate parts: 
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9 An analogy B»daling ayatan baaad on 

a two^iaanaional rubbar naa^rana tabla. 

• Siapla aleetron-opclca coaq>utar calculatlona 
for tha cathoda ragion of cha gun. 

• A flexible, hlgh-vacuuai electron-optica 
test bench to define the final gun design. 

A NASA trajectory prograai uaa used later to trace rays In 
gun configurations that energed froai these Investigations; first tests 
used Kleynen's^^ rubber membrane model. 

2. The Rubber Hembrana Model 

Kleynen's rubber membrane model represents electrodes with 
various voltages as elevatlonal changes in a stretched rubber-membrane 
sheet. The combination of gravity and the Impressed electrode shapes 
causes small balls on the sheet surface to roll In trajectories In direct 
analogy to electrons moving In the electric field produced by similarly- 
shaped electrodes. Unfortunately the analogy Is precise only for two- 
dimensional (planar) systems, and we are considering a rotatlonally-sym- 
metrical three-dimensional system. Even with this restriction, however, 
there Is a good qualitative analogy between the two-dlmenslonsl and the 
three-dimensional results. This was sufficient similarity: In the Initial 
stage of the work we were looking only for trends, generalizations, and 
approximations. For example, we wanted to understand the general Influence 
of different electrode shapes, hole diameters, and electrode positions 
on final beam spot size. 

The rubber membrane table was Initially set up as shown in 
Figure 23. The electrodes were shaped from wood and positioned with appro- 
priate clamps on the table frame. The rubber membrane was painted black 
for visual contrast with the 3/8-inch steel ball bearings which were rolled 
on the surface to trace out trajectories. 

The first tests established the experimental procedure and obtain 
repeatable results. This presented no difficulties, but we did find it 
necessary to observe a few precautions. For example rho launching of the 
balls onto the table had to be done carefully and repeatably with no bounce 
or skidding as the ball travelled from the launch ramp to the rubber surface. 
Fabrication of a simple launching device was required as hand-held mechan- 
isms were not accurate enough. The launcher consisted of an aluminum ramp 
with a 7° slope and a groove to guide the ball leading down the slope. 

The launch velocity (cathode tip voltage) was varied by changing the dis- 
tance up the ramp from which the ball was launched. The ball was held 
in place on the ramp before launch by a small suction tube mounted on the 
ramp and on axis with a line parallel to the ramp and through the center 
of the ball. The ball was launched by placement on the ramp against the 


47 



•uctlon tube with luction applied. Th« auction wan than intarruptad, ra- 
laaaing the ball to roll down the pradataniinad langth of ra^p and onto 
the rubber aurfaca. The trajectory of the ball on the aurface ^a traced 
by darkening the room and while illwainating the ball with a flaahlight, 
photographing the table with a tlBM axpoaura cacMra a»unt^ directly over 
the table. The angle of launch waa varied over ± 30* froa the axia of 
the electrode ayacen; the poaition waa varied over a diatance to the left 
and right of the axia that waa proportional to the 0.5 an radiua of the 
TFPEC*a active area. Several experiaenta ahowed reaarkable repeatability 
with thia aetup if one waa careful to keep the balla and table clean— even 
uaing glovea or a clean tool for handling the ball bcaringa. Figure 25 
ahowa typical electrode elevationa (voltagea) with reapcct to the table 
ft$me i^ich waa taken aa aero or ground. Table II ahowa other conflgur- 
ationa teated. 

Ball (electron) velocity waa lacaaured uaing a atrobe light during 
the tine expoaure and neaauring the diatance between aucceaaive ball inagea. 
The diatance (D) between ball iauigea ia proportional to the ball velocity 
(D/t). and the aurface eltvation or potential (V) ia proportional to the 
aquare of the ball (electron) velocity, i.e.. 

qV • 1/2 n(D/t)^ (5) 

where q ■ the electronic charge, V ■ potential, n ■ electron naaa, and 
D ■ diatance traveled in Cine(t). 


Thua, by neaauring the diatance (D.) between ball iiaagea at 
the target electrode (G-j), and aaaignlng a voltage (V 3 ) to the elevation 
of G 3 relative to the cathode gate, the voltage at any other point in the 
trajectory (V^) can be found by neaauring the distance between ball Inagea 
(D^) And using the equation 


V 


X 



( 6 ) 


Using this technique, the cathode (tip) potential, or launch veloc ity. 
was determined to be 650 V when the target voltage was 20 kV. This was 
then assumed to be a reasonable (l.e.g an upper limit that would never 
be exceeded) value for a cathode operated at 100 mA* Later the launch 
was lowered to 390 V and the most recent cathode data shows that ^ 200 V 
is sufficient for 100 mA in most cases. 


Table II is a tabulation of the configurations used for time 
photographs of ball trajectories. Balls were usually launched from three 
positions on the scaled cathode surface: the center* the left edge* and 
the right edge. They were also launched at three angles from each posi- 
tion* 0®, +30®* and -30® from the normal to the surface* Figure 26 demon- 
strates photographical ly the techniques and the results* The first several 
trials were to establish the techniques of lighting* photography* launching* 
and to determine the sensitivity of the experiments* As illustrated in 
Figures 26(a) and 26(b) (No, 15 and 16 in Tablell), sensitivity to electrode 
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FIGURE ?6 ELECTRON TRAJECTORIES MODELED ON A RUBBER MEMBRANE TABLE; 
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height and table level was very high. In Figure 26(a) the left half of 
electrode Gx was 5% higher than the right half} In 26(b) the two halves 
are essentially the same height. The difference Is seen most easily In 
the sero'-degree-launch trajectories which In effect reversed themselves 
quite noticeably; the table frame was probably not exactly flat. This 
yields a tolerance reference for review of subsequent results. 

Figures 26(c) and 26(d) (No. 31 and 32 in Table II) show tra- 
jectories with an Image-forrlng system, l.e., with the target In the Image 
plane. The effects of 0", 10”, 20* , and 30* angular spreads on on-axls 
emission are shown in 26(c). A combined 30* angular spread and off-axis 
emission are shown In Figure 26(d). The 30* angle of emission Is expected 
to be the trorst case. 

Figures 27(a) and 27(b) (No • 47 and 46 on Table II) are a cross- 
over forming system, l.e,, the target Is In the crossover plane of the 

system. The effect of emission angle on beam size for 20* and 30* emission 

angles respectively Including off-axis emission sites is shown. The off- 
axis sites represent the scaled extr^lties of the state-of-the-art 5000- 
tip TFFEC (+ 1/2 mm from the axis of the system). 

The best overall performance is produced by the image-forming 
system shewn in Figures 27(c) (No. 49 on Table II) and 27(d) (No. S3 on 
Table II). In Figure 27(d) electrode Gg has been moved back to show the 
"beam" minimum without the clutter of the balls bounding off this electrode. 
Figure 27(d) also shows seven launches from each of the three launch sites 
rather than the usual three from each. These are 0®, + 10®, + 20®, and 
+ 30* from the center of the array as well as the extreme left and right 

edges of the scaled cathode surface. Scaling values from Table II give 

the following values for electrode geometry and voltage (Figure 25): 

Lq = 2.4 mm, Lj^ ” 31.1 mm, = 35 mm, * 38 mm 
“ 8.5 mm, R 2 “ 3.2 mm 

Gq = 350 V, Gj^ - 1880 V, G 2 = 20 kV, = 20 kV. 

These values were used as a starting point in setting up an 
electron optics bench experiment for electron gun tests. 

3. Computer Model of the Immediate Vlciait y of the Cathode Tip 

Although the rubber table was helpful in investigating electron gun 
geometry, modeling the individual tip region accurately would be very dif- 
ficult with this technique. To help investigate this region and to obtain 
data on the emission angles that might be expected from the tips, a com- 
puter program was used that had been developed for a previous study at 
SRI to ascertain the equlpotentials in the cathode gate-tip region. 
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Ic) No 49 Id) No S3 

FIGURt 27 EL ECTRON TRAJECTORIES MODELED ON A RUBBER MEMBRANE TABLE, 
(a) AND (til SHOW A CROSSOVER-FORMING SYSTEM FOR 20 AND 30‘ 
MAXIMUM I AUNCH ANGLES RESPECTIVELY AND (cl AND (dl SHOW AN 
IMAGE-FORMING SYSTEM 
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A representative set of cathode diaenslons was chosen for the 
computation as follows: gate electrode thickness 0.4 diameter 

of the hole in the gate electrode 1.3 (jn; silicon dioxide thickness 
1.4 (Jb; cone height 1.4 (|b; cone base diameter 1.0 tip radius 0.05 |iD. 
The computation of the electric field around the tip was made using 
a Control Data Corporation 6400 digital computer md using the relaxation 
methods to solve LaPlace's equation in the interelectrode region. By 
using successively smaller mesh sizes, the equipotentials could be obtained 
to any degree of accuracy. Figure 28 shows the calculated relative 
field conversion factor (p) for this geometry as a function of the polar 
angle ( 6 ), measured from the center of curvature of the tip. It is 
seen that the field is essentially constant to 30® and then begins to 
fall off slowly. If we were dealing with a perfectly smooth tip we 
would expect to see constant current density up to an angle of 30®, 
and significant current at angles approaching 60*; but as discussed 
earlier the tip is not ideally smooth and in practice we seem to be 
dealing with local field enhancement resulting from surface conditions 
not accounted for in the computer model. Nevertheless, it is clear 
from this computation that large-angle emission is possible with this 
kind of structure. 

4. Electron Optics Bench 

An electron optics bench was fabricated for testing the cathode 
gun geometry. The original system (Figure 29 and 30) consisted of a 
fixed cathode mount (K), shields (19 & 34), a movable focusing lens 
(12), a fixed accelerating electrode (13), a movable phosphor (14). 

The focus electrode (12) and phosphor (14) were adjustable while operating 
the gun; it was possible to study a variety of lens locations and measure 
beam profiles by moving the phosphor along the z axis of the gun while 
making spot diameter measurements. 

The electron-optics bench was mounted in an ion pumped system 
and pumped 5 X 10“^ torr with mild (»>- 100®C) bakeout. The cathode 
was then turned on with the tips driven negative and the gate grounded. 
Electrode voltages were Increased slowly while monitoring system pressure 
and cathode current. The emission was usually stabilized at between 
5 and 20 pA with the target at 20 kV. 

The phosphor originally used was a transparent coating of 
willemite on a Vycor substrate that was co-»ted with tin oxide for con- 
ductivity. The phosphor was obtained from Liberty Mirror, a division 
of Libbey-Owens-Ford Company; this phosphor was chosen because it is 
smooth and is processed at high temperatures (— 1000®C) and therefore 
relatively clean. It worked well and was very bright at low current 
levels, although as we probed into the "higher" current realm, e.g. , 
over 20 pA at 20 kV, and spot sizes of less than 1 mm, the phosphor was 
damaged. Subsequent work was done with a thin film rare earth oxide 
(Y 2 O 3 + Tb^Oy) phosphor. This phosphor was fabricated in the laboratory 
by physical vapor deposition onto a sapphire substrate using electron 
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beam evaporation* The phosphor was coated with aluminum for conductivity 
and found to work very well in this application. 

The geometric setup for the first test is shown schematically in 
Figure 31 • The cathode was mounted on a TO-5 header, (a standard coim&er- 
cial 8-pin transistor header, Haledon Industries), and a shield (Sj) was 
mounted on the header to shield electrostatic field asymmetries caused 
by the mounting structure and gate film contact* All shields, S^, S2» 
and S3 were electrically insulated and connected to feedthroughs so that 
the potential on the shields could be changed and the effect on beam pro- 
perties observed. From these observations, changes in shield electrode 
geometries could be made to obtain optimum performance with the shield 
at some common potential such as ground or cathode potential* V3 was 
set at 20 kV while was varied and beam diameters measured for various 
positions of Gj and the phosphor (Gj). The phosphor was electrically 
connected to the accelerating electrode (G2) but mechanically free to 
be moved relative to G2* 

Beam diameter measurements were made on the phosphor using a trave- 
ling telescope. The measurements were made at the full diameter of the 
visible spot rather than the half height of the beam current profile as 
is the practice in display work. The minimum spot size obtained was in 
the range of 0.25 mm with this gun arrangement. Figure 32 summarizes 
the results. 

The first measurements were made with the shields grounded, at 

20 kV, and the focus voltage varied as shown in Curve 1, Figure 32. With 
this configuration we observed indications of electron scattering off 
either the gate film or Sj or both in the form of radial rays emanating 
from a well-defined spot. 

Experimentation with the voltages on the shields reduced the rays 
to a level that was not visible on the phosphor. Curve 2, Figure 32, 
shows the spot size as a function of focus voltage for this electrical 
configuration. It is interesting to note that with the voltages shown 
for Curve 2, a slightly magnified image of the cathode array was visible 
on the phosphor when the focus voltage (V4) was zero. The minimum spot 
size obtained with this configuration was about 0.3 mm, but the spot was 
much more clearly defined that it had been with the shields grounded, 
and the radial rays were no longer prominent. 

These results suggested that the angular spread could be minimized 
by placing a positive electrode in the system as shown in Figure 33. 

Here shield has been removed; an electrode (G^) has been added to help 
accelerate the electrons and turn them toward the axis by lens action 
in combination with shield Sj. Figure 34 shows the beam diameter as a 
function of focus voltage (V^) for this configuration. Many combinations 
of Vj, Vj, and were found to produce essentially the same result (again 
the tip array was imaged at ■ 0)» The beam current during these measurt 
merits was varied between 5 pA and 10 pA. Higher currents made measure- 
ments difficult because of the extreme brightness of the phosphor. 













FIGURE 32 SPOT SIZE AS A FUNCTION OF FOCUS VOLTAGE WITH THE 
ELECTRODE GEOMETRY SHOWN IN FIGURE 
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Figure 35 shows the bssa profile slong Che t>axis of the systesi. 

The phosphor was aoved along the x-axia and sMasuresiencs of bean diasMtcr 
made while keeping everything else in Che systen constant* It can be 
seei< rhat Che angles arc anich like those seen with the rubber-meoibrane 
movu': (Figure 26(d)). The radial rays seen with the ::4rsc configuration 
were not seen here at 20 pA* Careful observation of tie cathodca used 
Indicated that most of the ray effect originated at fault niCes on the 
cathode; i.c., spurious emissions from a dmaaged emitter site. 

Although these results are very encouraging* it is clear from con* 
current high emission tests that when operating at Che currents required 
by NASA (»» 95 mA) the effects of space charge can produce difficulties. 
These problems are in the form of excessive gate film bombardment and 
beam spreading unless the fields at the cathode surface are sufficiently 
high to prevent space charge. In addiCon, trajectory plota obtalr.eJ from 
the NASA Lewis program Indicated that at 100 mA the beam dii/erged in the 
iimaediate vicinity of the cathode with the gun configuration shown in 
Figure 31 and rays emitted at high angles could strike the lens elements. 

The configuration shown in Figure 33 can overcome this difficulty 
by applying a large voltage to V^. NASA-Lewis ran a trajectory plot 
of a similar gun configuration that they designed to eliminate this dif- 
ficulty. Figure 35 shows the NASA gun configuration and the computed 
electron trajectories for ^^3 “ ^5 * and V, • C, These trajectories 

show that low angle emission will be fairly well behaved at 100 mA beam 
currents, but according to this model emission at angles of 30* will not 
traverse the gun structure. 

The gun geometry shown in Figure 36 wa>< set up on the electron-optics 
bench and spot-size measurements were made. The gun worked well with 
a minimum spot size of '-0.25 mm measured when Cj was -600 V and C. ■ 

■ 20 kV. Curr nt used for the measurement was 10 pA. Tests must be 
made on a tube structure or NASA’s beam tester to determine whether o'" 
not the mission angle becomes large enough to cause difficulty when the 
current reaches the 100 mA level. 


, 1 . Cathode Mo unt 

" It Is necessary that the assembly be done as neatly as possible 

^ If the gun is ti' perform to Its maximum capabilities. Tolerances on 

< riu lal parts are held at + 0.0005 Inch and the cathode must be positioned 
' to comparable tolerances if the design is to meet expectations. The cathode 

«- mount must also ,i«et several oth'-- requirements for the present program. 

’ These lan be stiramarlzed as follows; 
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(1) The mount must be bakeable to at least 450^C. 

(2) The cathode must be easily replaceable in the mount. 

(3) Ttie cathode must be aligned to within 0.001 inch of 
the axis of the mount. 

(4) The mount must be self aligning with the rest of the 
gun structure within 0.001 inch. 

(5) The mount ass^nbly must be shock resistent and rugged 
enough to ship across the country without loss of 
alignment. 

(6) The mount must be compatible with, or must incorporate 
in its own shape the required electrode shapes for 
the gun design. 

A joint NASA/SRI staff effort produced the design shown in Figure 
37. The cathode chip is clamped in position between the mount/ focus elec- 
trode structure and a molybdenum spring. The spring is made in two pieces 
as shown to accommodate thermal expansion effects, and is a low mass part 
so there is no danger of shock loads cracking the silicon cathode chip. 

The 1-mm diameter emitter tip array is not centered on the chip, 
and the chip has irregular dimensions that cannot be used for reference 
because It is scribed and broken out of a larger silicon substrate. Thus, 
it is necessary to align each cathode with the focus electrode visually 
using a microscope, simple manipulator, and jig built fo’^ the purpose. 

The procedure is done basically by hand and requires some operator skill, 
however, it works well and elaborate manipulators would be very expensive 
by comparison. Figure 38 is a photograph of the mount with a cathode in 
place. The front view shows the Pierce-like geometry of the focus elec- 
trode that is an integral part of the mount. The gate film is in physical 
and electrical contact with the focus electrode. The mount surface is 
gold coated to improve contact and prevent scratching. A wire spot-welded 
to the molybdenum hold-down spring is the electrical lead for contact 
the base or emitter-tip array. 


J « Electron Gun Delivered to NASA 

While the electrode configurations described in Section H above show 
promise in production of the desired beam configuration, NASA must, as 
a practical matter, be concerned with maintaining the minimum number of 
electrodes in the tube structure. With this goal, a design was developed 
at NASA with the aid of the NASA computer program. Figure 39 shows a com- 
puter simulation of the gun. This design was used to fabricate a gun by 
a commercial tube manufacturer (Watkins-Johnson Company) using standard 
tube-fabrication technology. Figure 40 shows the gun layout (detailed 
engineering drawings of the gun structure were delivered to NASA with the 
gun assembly). The design features the demountable cathode-mount assembly 
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FIGURE 38 SIDE VIEW AND FRON^ VIEW OF CATHODE MOUNT 
WITH A CATHODE IN PLACE 
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(described In the preceding section) that allows the cathode to be replaced 
and to be precisely aligned in the gun structure. 

Two guns were fabricated by Watklns-Johnson and delivered to SRI. 

A cathode was installed in the first gun. and the entire gun structure 
was mounted in a 4«inch ID appendage to an ion punped vacuum system. The 
appendage was wrapped with heating tape and baked to 300*C when under 
vacuum for outgasslng. 

A phovtphor target was included in the first test set-up so that the 
beam shape could be observed as a function of the applied focus voltage. 
However, we were not able to take advantage of the phosphc' as a result 
of electrical feedthr.^j~h and power supply limitations. The gun was de- 
signed to operate with a 12 kV accelerating focus voltage, but we were 
only able to use 1.2 kV with this setup. Thus, observations of the focus 
were not possible. In addition, the emission duri.'.g the experiment was 
limited to about 1 mA as higher currents were damaging to the phosphor. 
Nevertheless, the cathode behaved well during the first gun test. Emission 
was brought up to 1 mA and held at that level for 25 hours without difficulty. 
The gun was then removed frcmi the vacuum system and shipped to NASA. 

Figure 41 shows a cathode mounted in gun number two and the voltage- 
current curve obtained when this cathode was tested in the gun. This cathode 
had been previously operated at 80 mA in our high current tests. (Only 
two tips were blown during these tests — the other flaws are due to photo- 
graphy and printing.) The relatively high gate current shown was due to 
the mounting structure, and is not a property of this cathode (this fault 
was essentially eliminated in later tests). In all gun tests at SRI the 
voltage on the anode was limited to 1.2 kV instead of the design value 
of 12 kV. NASA computer simulations showed that under these conditions 
the emission current should be limited to 10 mA, since the effects of space 
charge at higher current levels cause some electrons to return to the gate 
film rather than traverse the gun structure (see Figure 6). 

Additional cathodes were mounted in the second gun at SRI and tested. 

The results are summarized in Table III, The results with cathodes 20- 
44-2-H and 20-45-2-P are surprising. The first had been baked and run 
at 330"C in the initial test and had performed well at 90 mA. Examination 
after this test showed that 44 tips had blown. Cathode 20-45-2-P was 
baked and tested at 400*C and taken to 50 mA. Subsequent examination showed 
that none of the 5000 tips had failed. This suggested that 400“C was help- 
ful in cleaning up the environment and cathode to eliminate failures 
caused by discharges, but neither cathode performed well in the gun structure 
when baked and operated at 400*C, It appears that 400*C on the gun structure 
created a very poor local vacuum environment, or that some form of contamin- 
ation entered the gun structure. This has apparently been remedied as 
a subsequent experiment was successful using a 400“C bake for cleaning, 
and a cool down to 270®C prior to emission tests. 
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tll SUMMARY 


The goal of this progm %fSB the delivery to NASA of a prototype 
electron gun with a field emitter array cathode capable of 95 mA emiasioni 
the gun was to produce a beam 1/4 nn in diameter at 12 kV. Achieveipent 
of this goal required supporting studies in the areas of cathode fabrica- 
tion, cathode performance, gun design, cathode mounting, and gun fabrica- 
tion. 


A series of empirical investigations advanced the fabrication techno- 
logy; a study which used an ion-pumped vacuum systM for film deposition 
and cone formation and a study of the effects of deposition and etching 
parameters on the geometry of the final structure were particularly impor- 
tant. Deposition of the cones in a clean ion-pumped vacuum system should 
produce a cleaner tip and therefore a more stable emitter. Improved ad- 
hesion between the molybdenum gate film and the silicon dioxide insulating 
layer has definitely improved the geometry of the structure through reducing 
the undercutting of the pate film during the oxide etch. This improvement 
nearly eliminated failures due to cracking of the gate film, reduced the 
incidence of multiple cone failures caused by chain reaction discharges, 
and opened the way for development of a cathode which has packing densi- 
ties higher than the present 6400 om**^. 

The cathode performance studies indicate that the cathode is capable 
of producing well over 9S mA with ease; but anode, or collector, config- 
urations and driving circuits become important factors when operating at 
the power levels involved. A substantial collector development effort 
was required to show that the cathode Is indeed capable of emission levels 
in the 100 mA region. 

The collector development could be carried further In order to in- 
vestigate maximum currents, but it was shown that a simple stainless steel 
tube mounted with its axis on center with the cathode was capable of hand- 
ling pulsed 100-mA currents with about 1-kV energies, although space charge 
problems made these levels difficult to achieve. In one case, 160 mA was 
demonstrated. This Is 20 A/cm^ from the cathode and well in excess of 
the program goal. 

Life tests initiated during the previous program have demonstrated 
that a 100-tip cathode can maintain 2-mA peak 60-Hz emission for more 
than 33,000 hours of operation. This is an average emission of 20 pA per 
tip which ic the emission required to give 100 mA (12 A/cm^) from a 5000- 
tip array of the kind used in this program. Thus, it is reasonable to 
expect that long life can be obtained with the 5000-tip array operating 
at 100 mA with a well designed collector. 
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Molt failures apparently occur early in testing; there seems to be 
potentially damaging pressure bursts from the cathode and anode structures 
as the emission is increased. Once emission has been established at a 
given level, however, the cathode is capable of withstanding rather ordin- 
ary pressure environments (up to 10*‘ torr). These pressure bursts are 
likely to be the cause of our difficulty with cathodes 20-44-2-H and 20- 
45-2-P (Table III). Both cathodes performed very well in the initial 
tests, but blew large numbers of tips when tested in the NASA/Watkins-Johnson 
gun structure: the failures were like those we saw with the copper col- 

lector experiment (Table I). We conclude that anode processing is crucial, 
and that a specific process and materials investigation should be carried 
out to settle this question. 

The multiple-peak results obtained In the energy spread experiments 
were not expected, and have not been adequately explained. Reason suggests 
that the cause of the multiple peaks in the energy-distribution curves 
was an artifact of the electron optics of the experimental setup, as the 
system was meant to be used with a single on-axis source. The developer 
of the system (van Oostrom) did similar experiments and obtained the same 
results, therefore It was assumed that the result was not due to our par- 
ticular setup, but the general approach. The complexity of any alternate 
approach precluded further efforts to measure energy spread on this program. 

Electron gun designs were modeled on a rubber-membrane table and 
with a NASA computer program* Configurations that shoved promise were 
set up on an electron optics bench in a demountable ultravacuum system 
and beam shapes were studied by using a manipulatable phosphor as the 
target and measuring beam spot diameters* These tests showed that the 
gun designs were capable of producing the required 20-kV 0,2A-ram diameter 
beam when operating at low currents (Z 20 pA). Higher currents were not 
possible because of the limited power h'^ndling capability of the phosphor 
target. 

High current tests in a diode configuration (i.e., with the stainless 
steel tube collector) showed that at high currents space charge in the 
immediate vicinity of the cathode could cause some electrons to return 
to the gate f ilm and produce excessive heating because of bombardment of 
the gate. It is clear that the same effect could result in excessive 
spreading of the beam in and difficulty with electron gun designs that 
worked well at lower currents. NASA-developed computer models confirmed 
that beam spreading caused by space charge could cause the beam traversing 
the gun structure to hit the electrodes. 

NASA also requires a minimum number of electrodes in the gun structure. 

A two-electrode gun structure was developed for this purpose using the 
NASA computer model. Two such gun structures were fabricated at Watklns- 
Johnson and delivered to SRI for cathode mounting and preliminary tests. 

The guns feature a demountable ''athode and focus electrode structure for 
ease in geometry modification and cathode replacement. A simple jig was 
built for aligning the cathode to within 0.001 inch in the mount, and 
the mount is self-aligning with the gun structure to 0.001 inch. 
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One gun was set up and teated at SRI and then sent to NASA for evalu- 
ation in their beam tester. The second was kept at SRI and used to test 
cathoJes prior to delivery to NASA fur use in their gun. Five cathodes 
were pretested in our diode configuration with the stainless-steel tube 
collectors, mounted in the gun for tests between 3 siA and 10 mA, and then 
delivered to NASA for test in the beo) tester. 
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